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Abstract—Hybrid wearable robotics, combining soft and rigid
elements, offer a promising solution for upper limb assistance by
balancing comfort and functionality. This study evaluates a hybrid
soft-rigid elbow exosuit designed for elbow movement support in
dynamic and endurance tasks, focusing on biomechanical impact,
user perception, and ergonomics. A theoretical model guided the
design, optimizing device dynamics and assistive force delivery.
A generic interaction controller, combined with fixed system pa-
rameters, provided effective assistance across participants without
the need for subject-specific tuning, simplifying deployment in
practical settings. During dynamic tasks, the exosuit significantly
reduced biceps muscle activity compared to the unassisted condi-
tion, with an average reduction of 28.40% . In endurance tasks, it
reduced infraspinatus activity by an average of 44.55% and miti-
gated increased muscle activation during load-carrying. Subjective
assessments indicated lower perceived physical demand, while the
system usability scale confirmed high usability and acceptance.
These findings highlight the exosuit’s ability to reduce physical
effort and improve muscle coordination while maintaining comfort.
The robust mechatronic design enabled effective assistance through
a generic controller, emphasizing the importance of hardware re-
liability.

Index Terms—Elbow assistance, exosuits, physical human-robot
interaction, soft robotics, wearable robot.

I. INTRODUCTION

EARABLE assistive robotics enhance physical abili-
Wties in healthy individuals [1], [2], [3], reduce injury
risks [4], [5], and support rehabilitation for limb impairments,
aiding recovery, and mobility [1], [3], [6]. While rigid exoskele-
tons enable precise control and high torque transfer, demonstrat-
ing effectiveness in aiding both healthy users and rehabilitation
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patients [2], [3], [7], their adoption beyond experimental set-
tings remains limited [8]. This is largely due to issues, such as
added inertia disrupting natural biomechanics and difficulties
in aligning mechanical and biological joints, resulting in bulky
designs [8], [9], [10], [11], [12]. The introduction of a new class
of assistive robots, known as exosuits, which transmit force and
torque to the user through soft materials, has enabled the devel-
opment of lightweight, compliant, and low-profile devices [13],
[14]. These systems rely on the structural integrity of the human
body to transfer reaction forces between body segments, rather
than using the rigid frame. This approach inherently resolves the
issue of misalignment with biological joints and significantly
reduces added inertia, thereby minimizing the impact of the
device on the user’s biomechanics.

Soft robotic wearables have proven effective for both lower
and upper limbs. For the lower limbs, they enhance metabolic
efficiency and reduce muscle activation during typical move-
ments, such as walking, running, and sitting and standing [15],
[16], [17], [18] and support rehabilitation for conditions, such as
stroke and Parkinson’s disease [19], [20], [21]. Similarly, for the
upper limbs, these devices have been effective in assisting work-
ers in industrial settings [22], [23], [24], [25], augmenting hu-
man performance [26], and providing therapeutic interventions
for conditions including amyotrophic lateral sclerosis, multiple
sclerosis, stroke recovery, and tremors [27], [28], [29], [30], [31],
[32], [33]. Within soft wearable robotics for the upper limbs,
elbow exosuits stand out as promising devices for assisting
both non-disabled and impaired individuals. Recent advance-
ments have focused on optimizing their design, actuation, and
control for enhanced performance and user comfort [34], [35],
[36]. The first cable-driven elbow exosuits were introduced by
Koo et al. [37] and Nycz et al. [38]. Masia’s group significantly
advanced the field, demonstrating reduced muscle activity and
delayed fatigue in healthy users [26], [39], [40]. Their device
was later tested on chronic stroke [41] and MS patients [29],
proving effective in reducing pathological synergies, improving
endurance, and enabling physically demanding tasks. Building
on the design principles introduced by Xiloyannis [42], several
other cable-driven soft elbow exosuit prototypes have been
developed [43], [44], [45], [46].

Despite significant advancements in elbow exosuit develop-
ment, key challenges remain in making these systems practical
and robust [6], [35]. Some of these challenges include: improv-
ing mechanical and control efficiency and minimizing system
nonlinearities; ensuring efficient force transmission through
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comfortable human-suit interfaces; enabling robust control per-
formance by addressing hardware-induced dynamic uncertain-
ties and constraints; and constructing intuitive models to capture
exosuit dynamics and its interaction with the user.

Cable-driven actuation systems are widely favored for their
lightweight, low-profile design and precise controllability. How-
ever, they suffer from mechanical inefficiencies caused by fric-
tion losses in the tendon-sheath system, the compliance of the
tendons themselves, and nonlinear behaviors like hysteresis,
stick-slip, and backlash [47], [48], [49], [50], [51]. These issues
are further compounded by the fact that tendon-driven exosuits
inherently feature highly noncollocated actuation, which im-
poses fundamental limitations on their performance and coupled
stability [52], [53]. These hardware-induced limitations directly
degrade control performance, introducing dynamic uncertain-
ties, phase lag, and bandwidth constraints that cannot be fully
addressed by advanced control algorithms alone. For example,
in tendon-driven exosuits employing cascaded admittance con-
trollers, phase lag, and resonant modes between sensors and ac-
tuators can further destabilize the system [26], [54]. Enhancing
the system’s stiffness and addressing these internal resonances
are essential to improve control precision and system efficiency.

In addition to the actuation system, the human—exosuit inter-
face itself plays a critical role in system performance. Soft inter-
faces conform to the user’s limb and improve comfort, but they
also deform under load, absorbing assistive forces and introduc-
ing compliance that degrades control performance [55], [56]. On
the other hand, rigid interfaces limit deformation and improve
force transmission, but can cause discomfort and misalignment.
Slippage at the interface further degrades performance by shift-
ing the force application point, invalidating geometric parame-
ters used by the controller, and reducing system stability [50],
[57], [58]. Furthermore, concentrating the applied force at a
single point worsens this slippage by creating high local pressure
and reducing the effective friction between the interface and the
limb. While solutions, such as active cuffs [59] and smart fabric
designs [60] are promising, it is essential to develop a solution
that minimizes deformation under load, comfortably conforms
to the wearer’s limb, and distributes forces over a larger area to
reduce concentrated pressure. Such a design should also enhance
friction at the interface and reduce slippage, all while maintain-
ing user comfort. Due to these inherent hardware limitations,
current systems often require subject-specific tuning of control
parameters to achieve acceptable performance. However, this
individualized calibration is impractical in real-world clinical
or occupational scenarios, where plug-and-play usability and
reliability across users are critical. Therefore, achieving robust
and reliable assistance requires a mechatronics approach that
improves the mechanical system to enable high-performance
control. This would lead to a high-performing, efficient sys-
tem that supports generic control strategies without relying on
subject-specific adjustments.

To address these interconnected challenges, we devel-
oped a lightweight, portable, hybrid soft-rigid elbow exosuit
that improves the performance and comfort of soft exosuits
by incorporating mechanical stability and performance fea-
tures inspired by rigid exoskeletons. Our design emphasizes

minimizing hardware-induced inefficiencies to enable robust
control and user comfort without relying on complex subject-
specific adjustments. The main theoretical and hardware contri-
butions of this work are as follows.

1) Development of a lumped-parameter model that captures
the dynamics of the exosuit and its interaction with the
human body, enabling design validation and performance
optimization.

2) Design of a tendon-driven actuation unit paired with a
compliant cuff interface that enhances force transmission
while preserving comfort and adaptability.

3) Implementation of a dual-cabling architecture to reduce
concentrated shear forces and minimize interface slippage.

4) Integration of a passive feeder mechanism that maintains
proper cable tension throughout movement without in-
creasing mechanical complexity.

The lumped-parameter model was developed to systemati-
cally capture the dynamic behavior of the exosuit and its in-
teraction with the human body. This model provided intuitive
insights into how design parameters affect system performance
and stability. It also offered analytical validation that guided the
mechanical design of the system and informed key tradeoffs
to optimize performance. Our proposed system features a re-
designed tendon-driven actuation unit paired with a compliant
cuff interface that is specifically designed to balance comfort
and mechanical performance. This cuff conforms to the wearer’s
limb for comfort and adaptability, while its geometry and stiff-
ness around the force application points minimize deformation
under load. This ensures that assistive forces are transmitted
directly and efficiently to the human limb, reducing undesired
cuff bending and compliance dynamics that would otherwise
degrade control performance. To further support the compliant
cuff interface, we implemented a dual-cabling architecture that
distributes forces across two tendons, reducing concentrated
pressure at anchor points and minimizing slippage. Elevated
anchor points help preserve an optimal moment arm throughout
the entire elbow range of motion (ROM), ensuring that assistive
forces translate effectively into joint torque while minimizing
shear loads that could compromise comfort or stability. Finally,
to address cable slack, acommon issue in tendon-driven systems,
we developed a novel passive feeder mechanism that maintains
consistent cable tension throughout all movement phases. Unlike
semiactive solutions that increase complexity, our approach
achieves these goals through a simple, reliable design that does
not require continuous pretensioning forces, preserving user
comfort.

In addition to the theoretical and hardware contributions, we
developed a comprehensive human-subject evaluation protocol
to assess the real-world performance of the exosuit. Our evalua-
tion includes dynamic tasks that engage the elbow, shoulder, and
wrist, offering deeper insights into how assistive forces impact
muscle coordination across the entire arm. We also adapted
endurance testing methodologies from lower limb exosuits to
evaluate metabolic cost and muscle activation patterns during
prolonged use, providing a rigorous assessment of the device’s
functional impact. Finally, to simulate realistic deployment sce-
narios, we implemented a generic interaction controller with
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fixed parameters across all participants, deliberately avoiding
subject-specific tuning. This approach reflects the practical con-
straints of clinical and occupational environments, where indi-
vidualized calibration is often not feasible. While this generic
strategy introduces greater intersubject variability, it demon-
strates the system’s readiness for real-world application and
highlights the potential for future work on user-silent person-
alization techniques.

II. METHODOLOGY
A. Biomechanical Foundation

Understanding elbow anatomy and biomechanics is critical
for designing assistive devices like exosuits. The elbow links
the upper-arm and forearm, enabling hand positioning for tasks,
such as grasping and lifting. Its stability and ROM facilitate
essential movements like flexion, extension, and pronation—
supination.

Although traditionally modeled as a simple hinge joint with
a fixed axis of rotation, recent studies reveal that the elbow
functions as a “loose hinge,” with a variable axis of rotation
following a double quasi-conical frustum [61]. This variability
depends on factors, such as motion type, forearm position, and
applied torque [62], [63].

The functional ROM for most daily tasks is 30-120 de-
grees [64], with flexion—extension velocities averaging 268—
417°/s during typical and work-related tasks [65] while athletic
activities can demand extension speeds of up to 2700°/s [66].
In addition to kinematic demands, the daily tasks require elbow
moments averaging 1 N-m, peaking at 4.45 N-m [67].

B. Theoretical Foundation

To gain a deeper understanding of the internal dynamics of
the exosuit and its interaction with the human body, it is highly
beneficial to develop a model that captures both the behavior
of the exosuit and its integration with the human system. While
lower limb exosuits benefit from established patterns of joint
kinematics and dynamics during activities like walking [55],
[56], the lack of consistent patterns for upper limb movements
makes modeling and evaluation more challenging.

Exosuits introduce nonlinearities, such as hysteresis, friction,
and slack, complicating the development of comprehensive
models. Analytical models for tendon-sheath systems [68], [69],
[70] and their applications [71] often provide limited practi-
cal insights. A pragmatic alternative is the lumped-parameter
mass—spring—damper model offering a simplified yet effective
abstraction by capturing the dominant compliance and damping
characteristics of the system. This modeling approach has been
widely adopted for tendon-based actuation systems [72], [73].
Building on that body of work, we adopt the lumped parameter
approach of Eppinger and Seering [52] to model the elbow
exosuit, simplifying nonlinear effects into dampers and springs.

Our model represents the tendon-sheath actuation unit as
a compliant unilateral transmission: cable forces are strictly
tensile, and slack is prevented by the antagonistic routing on
the motor pulley, during elbow flexion or extension one tendon
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TABLE I
PARAMETERS USED IN THE THEORETICAL FOUNDATION FOR MODELING THE
INTERNAL DYNAMICS OF COUPLED EXOSUIT

Parameter Value Unit | Description

Mm 0.268 kg Motor linear equivalent mass
Me 0.15 kg Cuff mass

mp 2 kg Human mass

bm 40 Ns/m | Motor linear equivalent damping
bt 10 Ns/m | Transmission damping

be 5 Ns/m | Cuff damping

bn 3 Ns/m | Human damping

N 5 x 10° N/m Transmission stiffness

ke 1x10% | N/m | Cuff stiffness

kn 300 N/m Human stiffness

always remains in tension while its counterpart is back-driven.
Consequently, the transmission never enters compression, and
the spring—damper pair and forces are defined only for the
pulling direction. The load cell, positioned between the transmis-
sion endpoint and the exosuit interface, is modeled as a spring—
damper system. Since the stiffness of the load cell is significantly
higher than that of the transmission and the two springs are in
series, the resulting equivalent elasticity is governed by the more
compliant spring. Furthermore, as the damping of the sensor is
comparatively negligible, the transmission and load cell can be
simplified into a single equivalent spring—damper system. In
addition, the mass of the transmission is considered negligible,
further reducing complexity.

Human dynamics are modeled as a mass—spring—damper sys-
tem, where the bony structure of the arm is represented as a rigid
mass and the soft tissue as a compliant system. To focus on the
internal dynamics of the exosuit and its interaction with the body,
we grounded the soft tissue dynamics and replaced the bony
structure with a fixed attachment point, simplifying the model
from a tenth-order [see Fig. 1(b)] to a sixth-order characteristic
polynomial, as illustrated in Fig. 1(a) and expressed in (1). The
parameters listed in Table I were used to conduct numerical sim-
ulations of the system. These parameters were selected within
physiologically and mechanically plausible ranges reported in
literature. Specifically, the human impedance parameters were
chosen within the ranges reported by the authors in [74] and [75],
while the transmission stiffness was selected within the range
characterized by Xiloyannis [42] for upper limb soft exosuits.
The cuff stiffness was set to an intermediate value between
the tendon stiffness and the human stiffness to represent the
compliant behavior of the human—device interface

Th

ﬁ = G(S),

< 2nd-order numerator polynomial >
G(s) = i (1

< 6th-order characteristic polynomial >

The numerator and characteristic polynomials are detailed in
(A1)—(A3) in the Appendix.

The system stability is constrained by the first resonance
mode of the transmission dynamics, which limits the closed-loop
bandwidth [52]. Increasing transmission stiffness (k; 1) shifts
the first resonance mode to a higher frequency, enhancing both
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Fig. 1.

(a) Simplified model of the soft exosuit and its interaction with the human body. (b) Detailed model of the exosuit and human interaction. Here, F},,

represents the motor-applied force. Other parameters meaning is explained in Table I. (c) Bode diagrams of the coupled exosuit-human system under different
stiffness values of the cuff (c.1), transmission (c.2), and human tissue (c.3). The bandwidth of each system is highlighted with a dashed line. (a) Simplified model
of human-robot interaction. (b) Complex model of human—robot interaction. (¢) Bode diagrams of HRI model.

the bandwidth and the stability margin. This relationship is qual-
itatively depicted in Fig. 1(c.2), showing bandwidth variations
at low and high transmission stiffness.

In addition to stiffness, a high coefficient of transmission
friction can improve stability margins but may cause input-
dependent stability issues, such as limit cycles [76]. Simi-
larly, increasing transmission damping (b; 1), which represents
tendon-sheath friction in the lumped model, enhances stability
but introduces time delays. Minimizing friction is therefore
recommended and can be achieved by routing the transmission
along the straightest path and reducing tendon-sheath contact.

Beyond the actuation unit, the interaction dynamics between
the exosuit and the human interface can degrade system band-
width [52]. In soft exosuits, cuff and interface dynamics no-
tably impact performance, as shown empirically in [55] and
[56]. Maximizing cuff stiffness (k. 1) while maintaining wearer
comfort and minimizing damping (b, |) enhances stability and
bandwidth, as shown in Fig. 1(c.1). Attaching the exosuit to
stiffer body parts, such as the bony sections of the forearm,
further reduces dynamic interaction by increasing the stiffness
of the body (k, 1), as illustrated in Fig. 1(c.3).

Although some of these design guidelines were initially pro-
posed by Asbeck et al. [55], our model systematically ver-
ifies that implementing these recommendations significantly
enhances the performance of the exosuit.

Specifically, in Fig. 1(c.1) we reported the effect of the cuff
stiffness on the overall system (human—exosuit) bandwidth.
This led us to design the hybrid soft-rigid exosuit to maximize
bandwidth and meet human movement requirements based on
theoretical simulation.

C. Exosuit and Actuation Unit Design Description

1) Actuation Unit Design: In line with the discussed design
guidelines, the primary objective of the exosuit design was to
enhance the actuation unit stiffness while minimizing parasitic
effects. The actuation unit features a brushless electric motor
(Cubemars AK80-9) with a 9:1 planetary reducer, delivering up
to 9-N-m rated torque. An integrated servodrive and magnetic
encoder enable precise low-level control and continuous position
monitoring of the actuator.

The motor drives a 3-D-printed nylon pulley (20-mm radius,
Onyx, Markforged material), as shown in Fig. 2(a) and (c¢), which
manages an antagonistic cable configuration: two cables control
elbow flexion, and two control elbow extension [Fig. 2(i)]. Power
is transmitted via two pairs of Bowden cables made of 1-mm
stainless steel with a PA-12 nylon coating (Stainless Steel Wire
Rope AISI 316, 6 x 19 - WSC, PA 12 Coated, Carl Stahl),
yielding high transmission stiffness and a minimum breaking
force of 765 N.
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Hybrid elbow exosuit mechanical and electrical description. (a) Front view of the exosuit showcasing its wearable structure. (b) Back view of the exosuit

highlighting the backpack-mounted actuation unit and harness system. (c) Detailed mechanical design of the actuation unit and the passive cable feeder mechanism
for tension maintenance. (d) Upper arm cuff with integrated guide mechanism ensuring smooth Bowden cable routing. (e) Forearm cuff design with ergonomic
features and sensor integration. (f) The electrical architecture of the exosuit, illustrating the main control board located in the backpack, the data board on the
upper arm cuff, and the sensor layout on the forearm cuff. (g) Schematic of the passive feeder mechanism illustrating spring forces acting on the spool to ensure
consistent tendon tension. (h) Cross-sectional and front views of the guide mechanism showing how the tendon passes through ball bearings to minimize friction
and misalignment. (i) Cable routing diagram displaying the antagonistic configuration of flexion and extension cables and their exit paths from the actuation unit.
(j) Mlustration of assistive and parasitic force vectors at the cuff interface, along with the corresponding support forces provided by the orthoses to counteract shear

forces and minimize slippage.

To address backlash and cable slack, a novel passive tension-
ing mechanism was integrated directly into the pulley system.
This tensioning device employs a compliant spring, a shaft, four
rollers, and ball bearings, ensuring continuous pretensioning of
the cables without relying on clutches or transmitting excessive
forces to the user [Fig. 2(c) and (g)]. The spring is compressed
against the feeder shaft, maintaining a consistent downward
force. Rollers, precisely fitted to the pulley grooves, allow cables
to wrap around the pulley three times, optimizing grip and
tension. By independently operating feeders for flexion and
extension cables, the mechanism compensates for discrepancies
between cable pairs, ensuring smooth operation and preventing
slack throughout the system.

In addition, the low gear reduction ratio of the motor and the
minimal friction of the system provide passive back-drivability,
ensuring mechanical transparency. This allows the exosuit to
adapt naturally to the wearer’s motion during nonactuated
phases, enhancing user comfort and minimizing resistance.

2) Exosuit Unit Design: To ensure efficient power trans-
fer from the actuation unit to the human body, the exosuit
was designed with a focus on user comfort, adaptability, and

minimizing slippage. The design consists of a back interface,
shoulder harness, compliant upper arm, and forearm cuffs, and
a custom hand brace, as shown in Fig. 2(a), (d), and (e).

The cuffs, serving as the primary human-robot interface, are
designed to fit the cross-sectional geometry of the upper arm
and forearm. They are 3-D-printed from a lightweight yet stiff
nylon composite material (Onyx, Markforged) and reinforced
at the power exchange points to enhance stiffness and prevent
deformation under load. The cuffs include two anchor points for
flexion and two for extension, which ensure an even distribution
of assistive forces, minimizing concentrated pressure and shear
on the wearer’s skin.

To further enhance comfort and reduce slippage, the inner
surfaces of the cuffs are lined with a 4-mm-thick layer of
polyamide padding (ComforTex Grippy, Ottobock), selected for
its antislip properties and air permeability. The cuffs are secured
using nylon straps modeled after watch straps, allowing precise
and secure fastening.

The dual-cable system employed in the cuff design reduces
peak forces experienced by the subject. This reduction in peak
force, coupled with the even distribution of forces across a larger
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area of the upper arm and forearm, results in lower pressure on
the wearer. The slippage between the cuffs and the skin is further
reduced by the even distribution of shear forces and the antislip
properties of the padding material. This effect follows a simple
mechanical principle: applying a force at a single point concen-
trates shear stress, increasing the likelihood of local slippage. In
contrast, distributing the same total force across multiple points
lowers the stress at each location and increases the effective
contact area, which enhances the frictional interaction between
the cuff and skin. As a result, the distributed configuration
reduces the risk of slippage.

The forearm cuff features an IMU for elbow angle estimation,
four cable anchor points, and two load cells (LSB201, Futek)
to monitor flexion and extension tendon tension [Fig. 2(e)]. To
minimize slippage, a modified commercial hand brace (Hand
Brace, AS-N-02, Reh4Mat) was added, and secured to the
cuff via inextensible webbing bands with side-release buckles.
Combined with the conical shape of the forearm and straps, this
setup effectively mitigates shear forces and enhances stability
[Fig. 2G)]-

The upper arm cuff integrates a custom electrical board with
an IMU and four proximal cable anchor points. Bowden ca-
bles pass through these points, sheathed in low-friction hous-
ings (Jagwire, LEX-SL, @4 mm) to reduce friction during elbow
flexion. This cuff is secured to a shoulder harness (Master-03,
Reh4Mat) to transfer forces to the torso and prevent slippage
[Fig. 2()].

Given the angular changes in the Bowden cables during elbow
flexion, the cables tend to contact the structure at the proximal
anchor point and with the inner layer of the sheath. To minimize
friction, a novel guide mechanism was designed, as illustrated
in Fig. 2(d) and (h). This mechanism includes four U-groove
ball bearings, fitted into a housing with enough spacing to
allow the Bowden cable to pass through with minimal tolerance.
This design ensures that as the cable angle changes, the cable
interacts with the ball bearings, reducing friction and preventing
misalignment of the insertion angle.

Lastly, the back interface houses the actuation unit, elec-
tronics, and battery, ergonomically contoured for comfort and
efficient torque transmission. Bowden cable sheaths are routed
in a large, gentle curve to accommodate typical arm movements
without a large deformation or resistance. The total weight of the
exosuit is 4085 grams, with individual components contributing
as follows: The orthoses weigh 195 grams, the actuation unit
880 grams, and the backpack with electronics 1250 grams. The
upper arm cuff weighs 200 grams, while the forearm cuff is 160
grams. In addition, the battery accounts for 1400 grams of the
total weight.

3) Electronics: The main electronics, mounted on the back
interface, include a custom-made board with a Teensy 4.1 mi-
crocontroller, a 4-port Gigabit Ethernet switch (Roline), and the
motor’s integrated servo driver (CubeMars Driver Board-V2.2).
A second custom board, the “Data Board,” featuring a Teensy
4.0 microcontroller, is mounted on the upper arm cuff to collect
data from load cells and IMUs (BNO 055) embedded in the
board and on the forearm cuff. The system is powered by a 24V,
10 Ah Li-Ion battery and interfaced with a laptop via Ethernet.

The load cells were factory-calibrated by the manufacturer, and
their output was verified before experiments to ensure consistent
measurements.

The servo driver acts as a low-level controller, acquiring
motor data (position, velocity, current) and communicating via
controller area network (CAN) protocol with the main board.
The main board executes the high-level control algorithm, sends
commands to the motor driver, and processes incoming data.
The data board collects sensor data (IMUs and load cells) and
transmits it to the main board via Ethernet. Although alaptop was
used during experiments for initiating the system, monitoring,
and data logging, the controller itself is fully embedded in the
exosuit and capable of running autonomously without external
devices.

At the beginning of each use, the embedded IMUs were
calibrated while the participant wore the exosuit. This process
involved a brief sequence of arm movements to allow the system
to initialize and correct for orientation offsets. The calibration
was automatically validated by the controller before enabling
assistance.

Both boards execute the high-level controller and commu-
nication at 500 Hz, and the measured control-loop latency is
approximately 2 ms. Embedded code is written in C++, with
MATLAB/Simulink used to interface with the main board.

4) Control Architecture: The controller, based on the design
by Xiloyannis et al. [26], was adapted to assist by partially
compensating for gravitational arm loads while minimizing
interference with natural arm kinematics. The architecture em-
ploys a collocated admittance controller [77], with an outer loop
for gravitational assistance and an inner velocity control loop
(Fig. 3).

The torque due to gravity (7graviy) 18 modeled under the
premise that the arm remains fully adducted, with minimal
shoulder movement, as shown in the following equation:

Teravity — mglfsm(0) (2)

where m, g, l¢, and ¢ are the combined mass of the forearm and
load, gravitational acceleration, forearm center of mass distance,
and elbow angle.

The assistive torque is computed using load cell data and
moment arm calculations based on [78], doubling the measured
force to account for the dual-cable design (4) and (5). In this
context, J, Jo, and T,is represent the flexion Jacobian, exten-
sion Jacobian, and the assistive torque calculated using the load
cell force (fioadeen) and corresponding Jacobians, respectively.
The specific parameters for these Jacobians are shown in Fig. 3.

—a1a2Sg — b1basg — ai1bacy + azbicy

Jp = - - 3)
\/(al — ascy + basg)” — (b1 — azsg — bacy)

Je — Relbow (4)

Tassist — Jg):osuit f loadcell - (5)

Although subject-specific measurements were collected, the
controller was implemented using fixed geometric parameters
across participants (a; = 150 mm, as = 120 mm, b; = 70 mm,
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(a) Geometric model of the exosuit with defined parameters used to compute the Jacobian. Note that the routing shown corresponds to the condition where

the flexion cable is engaged and the extension cable is slack, which explains the routing of the extension cable. (b) Block diagram of the collocated admittance

controller for transparency and gravity compensation.

TABLE 11
CONTROL PARAMETERS FOR THE ADMITTANCE AND VELOCITY
PID CONTROLLERS

Parameter Value (Unit) Parameter Value (Unit)
Ky, 10 (rad-s~'/Nm) K,,  0.375 (Nm/rad-s™ ')
Kq, 0002 (rads™%/Nm) K, 0 (Nm-s/rad)
K, 0.002 (rad/Nm) K, 0.05 (Nm/rad)

by =75 mm, R = 80 mm), as the cuff design and their attachment
to the orthoses minimize intersubject variability.

Interaction torque (Tinteraction)> derived from the difference be-
[WEEN Tyrayity and Tygist, 18 used to compute the reference velocity
for the inner control loop (6) via an admittance controller (7)

(6)
)

Here, Kp,, Kd,, and Ki, define the proportional, deriva-
tive, and integral terms that regulate the dynamics between the
interaction force and the exosuit’s kinematics. The computed
reference velocity is then fed to the velocity control loop, which
in turn determines the motor’s reference torque, governed by the
velocity controller shown as follows:

wd(s) = Y(S)Tinteraction

Y(s) = Kps + Kdys + Kig/s.

®)

The PID parameters for admittance and velocity controllers
were tuned based on prior recommendations [54], [79] and fine-
tuned for experiments (Table II).

The exosuit’s mechanical design ensured consistent perfor-
mance across subjects by attenuating wearer-specific dynamic
variations, eliminating the need for subject-specific controller
tuning. While individual tuning could enhance performance, we
used uniform parameters to evaluate the exosuit’s baseline func-
tionality without fine-tuning. Subject-specific tuning, though
beneficial, is technically complex, requiring significant training
and time, which can limit practicality in clinical settings. There-
fore, designing a robust exosuit capable of delivering effective
assistance without tuning is more suitable for broader usability
and clinical adoption.

C(s) = Kpy, + Kdys + Kiy/s.

III. EXPERIMENTAL PROCEDURE

The exosuit was evaluated in two categories: 1) performance
characterization and 2) its effects on human kinematics and
biomechanics, conducted across two separate seating. The pro-
tocol is depicted in Fig. 4. The biomechanical experiments
included two sessions: 1) the dynamic session [with subtasks
of pick and place (P & P) as shown in Fig. 4(d), and pick,
lift, and place (P, L, & P) as shown in Fig. 4(e)] and 2) the
Endurance Session [Fig. 4(f)]. Notably, the interaction con-
troller, gravity assistance, and the Jacobian parameters were
kept fixed across participants to assess the exosuit’s performance
and biomechanical impact under a standardized configuration,
without subject-specific tuning.

A. Participants

The biomechanical experiments were conducted with ten
healthy participants (nine male and one female, age: 29.7 +
2.75 years, height: 178 £+ 6.32 cm, weight: 77.3 + 10.01 kg,
mean —+ std) while characterization experiments were conducted
with a subset of 5 participants selected randomly. All participants
were right-handed, self-reported no neurological, chronic, or
physical impairments, and had no metabolic or cardiopulmonary
instability.

Participants were instructed to avoid alcohol, energy drinks,
and heavy exercise 24 h before the biomechanical sessions,
refrain from caffeine, and avoid heavy meals 6 and 2 h prior
to the experiments. They were briefed on the procedures before
the sessions and provided informed consent. The protocol was
reviewed and approved by the Scuola Superiore Sant’Anna
Review Board, approval number 41-2023.

B. Exosuit Characterization

In order to characterize the performance of the exosuit three
sets of experiments were performed that characterize the band-
width of the exosuit, ROM, and comfort of wearers. Each
experiment is discussed in the following sections.

1) Exosuit Comfort Experiment: Comfort was evaluated by
measuring the pressure distribution at the anchor points (cuffs)
under varying gravity assistance levels. Pressure sensors (A502,
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Fig. 4.

Overview of the experimental procedure. (a) Protocol and schematic for the HIL closed-loop control bandwidth experiment. (b) Protocol and schematic

for the ROM and transparency experiment. (c) Protocol and schematic for the Exosuit Comfort experiment. (d), (e) Protocols and schematics for the P & P and
pick, lift, and place (P, L, & P) tasks within the dynamic session. (f) Protocol and schematic for the Endurance session experiment.

Tekscan) were placed between the skin and cuffs, and pressure
was recorded while participants held their arm at a 90° angle,
maximizing gravitational force on the forearm’s posterior side.

Assistance levels ranged from 0-3 kg in 0.5-kg increments.
After a brief acclimation phase, participants repeated the ex-
periment with a reconfigured sensor placement, as shown in
Fig. 4(c).

2) Human-in-The-Loop Closed-Loop Control Bandwidth Ex-
periment: System bandwidth was assessed by tracking a sinu-
soidal reference trajectory (9) with 0.5-kg gravity assistance.
The trajectory amplitude covered typical elbow ranges for daily
tasks (Ag = 50° and A; = 40°), with frequencies ranging from
0.05-1.5 Hz, corresponding to velocities from 18 to 540 deg/s.

Qd(t) = Ag+ Ay sin(27rft). )

After an acclimation phase, during which participants famil-
iarized themselves with the task, the main experiment began.
Each participant experienced 30 s at each frequency, with the
last five full cycles used to capture the steady-state response.

The bandwidth was calculated using the root mean square
(RMS) ratio of measured and desired elbow angles (10). The
magnitudes for each frequency across all participants were av-
eraged, and the “System Identification Toolbox™” of MATLAB
(MathWorks, 2023b) was used to fit a second-order system, to

the experimental data

_ RMS(0)

~ RMS(0y)° o)

Cy(0)

The quality of the fit was assessed using the coefficient of
determination R?, and the root mean squared error (RMSE)
between the model and the experimental data.

3) Range of Motion Experiment: This experiment tested
the hypothesis that the active mode of the exosuit does not
impede the wearer’s movements. Participants performed full
shoulder, elbow, and wrist motions under two conditions: a)
no exosuit; and b) exosuit power-on. Movements included flex-
ion/extension, abduction/adduction, and radial/ulnar deviation,
as illustrated in Fig. 4(b). The ROM for each degree of freedom
was recorded and compared between the two conditions to assess
the effect of the exosuit on wearers’ ROM. While these measure-
ments do not capture the full effort or muscle activation required
to achieve these movements, they help determine whether the
exosuit mechanically restricted motion in the powered-ON con-
dition.

C. Dynamic Session

The dynamic session assessed the exosuit’s performance in
providing gravitational assistance while shadowing the wearer’s
movements. Two dynamic tasks were developed to activate
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different sets of muscles, allowing for an exploration of the
exosuit’s performance across varying dynamic movements and
muscle coordination patterns. These tasks are referred to as P&P
and P, L, &P. Such tasks offer a more holistic evaluation of the
exosuit’s effect on arm coordination and muscle activity, rather
than focusing solely on the joint of interest. This design enabled
us to investigate whether participants altered their arm coordi-
nation across different conditions to accomplish the required
tasks.

In the P&P task, participants moved a 3.5-kg weight between
two locations with a 20-cm height and 90-cm lateral difference,
using only arm movements. The P, L, &P task involved lifting the
weight 60-cm vertically before placement. Both tasks activated
multiple degrees of freedom, with the P, L, & P task emphasizing
flexion/extension at the shoulder, elbow, and wrist.

Experiments were conducted under three conditions: 1) no
exosuit; 2) exosuit powered OFF; and 3) exosuit powered ON. In
the powered-OFFcondition, the actuation system was disabled,
and the device behaved passively without generating any as-
sistive torque. After acclimation, participants completed three
trials of five repetitions per task per condition, with randomized
conditions and rest breaks to minimize fatigue and learning
effects. Tasks were performed at a self-paced speed.

D. Endurance Session

The endurance session examined muscle coordination,
metabolic rate, and fatigue while participants carried a 3.5-kg
weight with their elbow at a 90° angle during treadmill walking.
After acclimation, participants selected a comfortable walking
speed, maintained throughout the session.

Participants walked under three randomized conditions for at
least 4 min each: 1) baseline (no weight or exosuit); 2) weight
only; and 3) weight with exosuit assistance. Rest intervals of at
least 5 min mitigated fatigue. Baseline measurements assessed
walking metabolic cost, while the other conditions evaluated
muscle activity, metabolic cost, and fatigue during load carriage
with and without assistance.

E. Performance Metrics

1) Muscle Activity: The electromyography (EMG) was
recorded from key muscles involved in the shoulder (Deltoid:
Anterior, Posterior, Middle; Infraspinatus), elbow (Triceps Long
Head, Biceps Short Head, Brachioradialis), and wrist motion
(Extensor Carpi Ulnaris, Flexor Carpi Radialis) using wire-
less surface EMG sensors (Delsys, Trigno) by following elec-
trode placement guidelines in [80]. Signals were acquired at
2148.1 Hz, processed (band-pass filtered at 30-450 Hz, rectified,
low-pass filtered at 6 Hz using a zero-phase second-order But-
terworth filter), and normalized to maximum voluntary contrac-
tions (MVC) measured at session start and end of experimental
seating. Finally, abnormal peaks and artifacts were manually
removed from signals to avoid alterations in metrics computation
and statistics.

2) Metabolic Cost: The metabolic cost of participants was
measured using indirect calorimetry (K5, Cosmed). The rates of
carbon dioxide production (VCO,) and oxygen consumption
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TABLE III
SYSTEM USABILITY SCALE (SUS) QUESTIONS WITH CORRESPONDING
ABBREVIATIONS

Abbreviation SUS Questions

Overall Satisfaction I think that I would like to use this system

frequently.
Complexity I found the system unnecessarily complex.
Ease of Use I thought the system was easy to use.

Need for Support I think that I would need the support of a

technical person to use this system.

Functionality Integration I found the various functions in this system

were well-integrated.

Inconsistency I thought there was too much inconsistency in
this system.

Learnability I would imagine that most people would learn
to use this system very quickly.

Cumbersomeness I found the system very cumbersome to use.

Confidence I felt very confident using the system.

Learning Requirement I needed to learn a lot of things before I could

get going with this system.

(VO3) were averaged over a one-minute span from minute 3 to
minute 5 during the 4-min (minimum required) walking period
for each condition. These values were then used to calculate
metabolic rate using the Brockway equation [81], as expressed
in the following equation:

P =16.58 x Vo, +4.51 x Veo,. (11)

3) Joint Kinematics: Arm kinematics were recorded using
inertial measurement units (IMUs) provided by the Xsens MVN
Link system (Xsens Technologies B.V.). Each participant was
equipped with 11 IMUs placed on the hands, forearms, upper
arms, scapula, sternum, head, and pelvis, according to the guide-
lines outlined in the Xsens MVN manual. The IMU signals were
sampled at 240 Hz, and data were collected using the MVN
Analyze 2022.0.2 software (Xsens Technologies B.V.).

4) Qualitative Assessment: In addition to quantitative mea-
surements, subjective assessments were collected from par-
ticipants to evaluate their perception of the exosuit and the
usability of the system. To assess the perceived workload of
each condition in both the dynamic and endurance sessions,
participants completed the NASA Task Load Index question-
naire, which evaluates mental demand (MD), physical demand
(PD), temporal demand (TD), performance (PR), effort (EF),
and frustration (FR). Participants also completed the System
Usability Survey (SUS) [82] (Table III), which consists of ten
statements regarding device usability and an SUS score from 0
to 100 was obtained for each participant following the method
presented by Brooke [82]. Both questionnaires were rated using
a five-point Likert scale (ranging from “strongly disagree” to
“strongly agree”).
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Fig.5. Bode plot of the estimated transfer function between the measured and

desired elbow position. The human—exosuit system demonstrates a bandwidth
of 1.37 Hz, highlighted by the dashed line. Grey markers represent individual
subject data, while green circles indicate the averaged experimental magnitude
data across all participants.

F. Data Processing and Statistics

Data from all sources were synchronized using a single host
PC. Each subject performed two dynamic tests (three trials
with five task repetitions per trial) and one endurance test
(single trial per condition). For dynamic tests, interrepetition
rest phases were removed manually, and the RMS metric was
computed for EMG (all muscles) and IMU (position, velocity,
and acceleration) data, averaged across repetitions. Spectral
arc length (SPARC) and ROM metrics were calculated from
IMU signals [83]. Statistical comparisons of metrics across
no-exo, exo-off, and exo-on conditions used one-way analysis of
variance (ANOVA) for normal data distributions, and Kruskal—
Wallis tests for nonnormal data distributions, with a significance
threshold of p = 0.05. Paired ANOVA or Kruskal-Wallis tests
were used in case of significant differences found in the group.

For endurance tests, metrics included time evolution (slopes
from 10-s RMS windows) and a 20-s RMS window after
4 min. For this test, EMG signals and calorimetry data were
analyzed: EMG metrics were calculated for all muscles, while
calorimetry focused on VO2 and VCO2 measurements. Statis-
tical comparisons between no-exo, no-exo unloaded, and exo-
loaded conditions were performed using one-way ANOVA for
normal data and the Mann—Whitney test for nonnormal data,
with a significance threshold of p = 0.05. Paired ANOVA or
Kruskal-Wallis tests were used in case of significant differences
found in the group. The normality of data distributions was
assessed with the Shapiro—Wilk test. Effect sizes (Cohen’s d for
paired comparisons) were additionally reported for ROM and
EMG metrics whenever statistically significant differences were
detected.

IV. RESULTS

A. Exosuit Characterization

Fig. 5 shows the magnitude Bode plot comparing experimen-
tal data (green circles) and the fitted second-order model (black
line) across frequencies from 0.05 to 1.5 Hz. The model aligns
closely with experimental data (R? = 0.87, RMSE = 0.04).

TABLE IV
RANGE OF MOTION FOR DIFFERENT JOINTS WITH AND WITHOUT THE
EXOSUIT. VALUES ARE REPORTED AS MEAN £ STANDARD DEVIATION

Joint
Shoulder Flexion
Shoulder Abduction

Without Exosuit [deg]
138.75 £ 25.03
122.01 £+ 16.58

With Exosuit [deg]
113.51 £ 33.73
104.56 £ 21.17

Elbow Flexion 149.20 £ 9.99 135.15 £ 12.17
Wrist Flexion/Extension 117.46 £ 17.51 112.79 £+ 30.33
Radio-ulnar Deviation 44.25 +21.94 40.86 + 18.24

The system bandwidth, defined at —3-dB gain, is 1.37 Hz,
corresponding to a peak velocity of 493 °/s. This indicates that
the system can effectively track movements within the range of
typical daily activities and partially cover work-related tasks.
The cutoff frequency aligns with the expected performance
goals of the exosuit, supporting its design for enhanced system
bandwidth. It should be noted that Fig. 1 shows the simulated
lumped-parameter model, whereas Fig. 5 reports the experi-
mentally measured system; therefore, these two results are not
directly comparable.

The pressure distribution of the exosuit on the skin is shown in
Fig. 6, detailing the pressures exerted by the forearm and upper
arm cuffs under varying assistance levels and in the no-assistance
condition. In the no-assistance condition, baseline pressures
averaged 5.13 + 1.30 kPa and 5.16 + 1.11 kPa at the forearm
and upper arm anchor points, respectively, resulting from the
attachment of the exosuit.

Maximum pressures occurred during 3-kg gravity assistance
with the hand at a 90 ° angle, where the gravitational load
on the arm was highest on the posterior forearm. Under these
conditions, the forearm and upper arm cuffs exerted pressures of
19.21 4 3.46 kPa and 15.34 £ 1.12 kPa, respectively, while an-
chor points experienced pressures of 12.93 4-4.44 kPa (forearm)
and 6.34 + 1.12 kPa (upper-arm).

In the ROM analysis, there was a slight reduction in
ROM across all joints when using the exosuit, with consid-
erable variability observed between subjects. Shoulder flex-
ion decreased from 138.75 £ 25.03° without the exosuit to
113.51 4 33.73° with the exosuit, and shoulder abduction re-
duced from 122.01 4= 16.58 to 104.56 4= 21.17°. Elbow flexion
decreased from 149.20 £ 9.99° to 135.15 + 12.17°, while
wrist flexion/extension and radio-ulnar deviation decreased
slightly from 117.46 + 17.51° to 112.79 £ 30.33° and from
44.25 4 21.94° to 40.86 + 18.24°, respectively. This data are
summarized in Table IV.

B. Performance of Exosuit

Fig. 7 presents the results for the dynamic session experiments
during the P & P and P, L, & P tasks. In the P & P task, bi-
ceps activity was significantly reduced with powered assistance
(3.36 £ 1.85 % MVC) compared to no-exosuit (4.98 +2.45
% MVC, P < 0.01, d = 0.80), representing a 28.40% average
reduction and powered-OFFconditions (4.56 + 2.65 % MVC,
P < 0.05, d = 0.89) by 23.58% average reduction. Similarly,
during the P, L, & P task, biceps activity decreased signif-
icantly with assistance (4.20 £ 3.05 % MVC) compared to
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Fig. 6. Pressure distribution characterization at the human-suit interface: Measured pressures at the upper-arm and forearm cuffs under varying assistance levels

under a 90 ° elbow bend. “Upside” and “Downside” in the figure refer to the upper and lower regions of each cuff, respectively.

no-exosuit (5.60 + 3.85 % MVC, P < 0.01, d =0.64) by
33.72% and powered-OFFconditions (5.56 + 3.65 % MVC,
P < 0.05, d =1.01) by 32.06% . Flexor carpi ulnaris activity
was significantly lower with assistance in the P, L, & P task
(P < 0.05,d = 1.17), showing an average reduction of 30.55%,
while triceps activity remained unaffected, indicating robust in-
teraction control. Middle deltoid activity increased significantly
in the powered-OFFcondition compared to no-exosuit during the
P & Ptask (P < 0.01,d = —0.94) by 14.76% average increase.

In the P, L, & P task, the ROM in the no-exosuit con-
dition was 48.38 +£11.97° for shoulder flexion, 37.82+9.37°
for shoulder rotation, 103.85+13.85° for elbow flexion, and
51.82+13.30° for wrist flexion. Compared to this baseline, ROM
was significantly reduced with powered assistance for shoul-
der flexion (35.52 £+ 9.87°, P < 0.001, d = 0.89), shoulder
rotation (25.21 £ 5.19°, P < 0.001, d = 1.28), elbow flex-
ion (88.89 + 9.94°, P < 0.001, d = 1.35), and wrist flex-
ion (43.27 £ 14.36°, P < 0.05, d = 0.51). In the powered-
OFFcondition, significant differences were observed for shoul-
der flexion (38.47 £ 7.81°, P < 0.001, d = 0.79), shoulder
rotation (23.94 £ 7.19°, P < 0.001, d = 1.23), and elbow
flexion (94.06 £ 6.69°, P < 0.001, d = 0.73). For the P &
P task, shoulder flexion ROM in the no-exosuit condition
was 40.45 £ 11.04° and reduced with powered assistance
(28.79 £+ 6.75°, P < 0.001, d = 1.28), while shoulder rota-
tion was significantly different in the powered-OFFcondition
(25.47 +10.04°, P < 0.001, d = 1.77) compared to no-exosuit
condition (43.82 + 10.42°).

Smoothness, measured by SPARC, was unaffected during the
P & P task but decreased significantly for shoulder movements
in the P, L, & P task in the powered-ON (—4.30 4 0.62 SPARC,
P < 0.05) and powered-OFFconditions (—4.38 4= 0.50 SPARC,
P < 0.05). Hand smoothness was significantly lower in the
powered-OFFcondition compared to no-exosuit (—3.30 £ 0.28
SPARC, P < 0.01), whereas forearm smoothness improved

with powered assistance (—3.86 £+ 0.35 SPARC, P < 0.05)
compared to both powered-OFF (—3.61 £ 0.29 SPARC) and
no-exosuit conditions (—3.68 + 0.26 SPARC).

RMS segment accelerations were significantly reduced across
all conditions with the exosuit (P < 0.001), with the lowest
values observed in the powered-ON condition (P < 0.001).
Forearm acceleration was significantly lower with powered as-
sistance compared to powered-OFFconditions in both tasks.

During the endurance session, participants walked on a tread-
mill at an average speed of 0.67 + 0.16 m/s, which was sig-
nificantly lower than typical walking speeds reported in litera-
ture [84]. Carrying a load without exosuit assistance led to a sig-
nificant increase in average muscle activity and its slope across
all targeted muscles compared to baseline (walking without a
load, P < 0.001).

With exosuit assistance, the average muscle activity during
load carriage remained largely comparable to the no-assistance
condition, except for the infraspinatus muscle, which exhib-
ited an average reduction of 44.55% (1.86 £ 0.90% MVC vs.
3.35+1.60% MVC, P < 0.05,d = 1.04). In addition, the slope
of deltoid middle muscle activity was significantly lower with
exosuit assistance (0.47 £ 0.34% MVC) compared to the un-
loaded no-assistance condition (1.30 4+ 0.49% MVC, P < 0.01,
d = 0.90). The exosuit also reduced activity in the triceps,
extensor carpi radialis, and flexor carpi radialis compared to the
loaded no-assistance condition. While these reductions were not
statistically significant, the exosuit effectively prevented signif-
icant increases in activity relative to the unloaded no-assistance
condition.

The metabolic consumption and its slope, as shown in Fig. 8,
were consistent across conditions, with no significant differ-
ences observed. Similarly, the central spectrum frequency, an
indicator of muscle fatigue, showed no significant impact from
the exosuit in most muscles. However, for the infraspinatus
muscle, the central frequency indicated reduced fatigue with
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exosuit assistance, demonstrating comparable fatigue levels to
the unloaded no-assistance condition.

C. User Perception

The SUS scores averaged 74.75 for both dynamic (range:
57.5-82.5) and endurance (range: 62.5-80) experiments, indi-
cating that participants generally found the exosuit usable and
acceptable for both tasks, as shown in Fig. 9(c). The spider plotin
Fig. 9(d) illustrates user perceptions across usability dimensions,
such as satisfaction, ease of use, functionality integration, and
learnability, allowing a detailed comparison between dynamic
and endurance experiments.

In dynamic experiments [see Fig. 9(b)], the perceived work-
load did not differ significantly between conditions. However,
during endurance experiments [see Fig. 9(a)], the perceived
physical demand and effort of unassisted loaded walking were
significantly higher than those of unloaded walking (P < 0.01).
Participants also rated physical demand significantly lower with
exosuit assistance compared to unassisted loaded walking (P <
0.05), highlighting the perceived relief provided by the exo-
suit. In addition, perceived performance was significantly lower
for unassisted loaded walking compared to unloaded walking
(P < 0.05).

V. DISCUSSION

This study evaluated the biomechanical and ergonomic per-
formance of a hybrid soft-rigid elbow exosuit during dynamic
and endurance tasks, revealing important insights and design
implications.

While there are only a few works on the measurement of
cuff pressure in exosuits [85], [86], [87], [88], the pressure
measurement procedure in our study closely follows the method-
ology of a similar exosuit [85]. We showed that the pressure
exerted by the exosuit cuffs on participants’ skin was signifi-
cantly below the thresholds reported in that comparable study,
indicating enhanced comfort. This study tested varying levels
of assistance, measuring the corresponding pressures up to 3-kg
assistance.

The required assistance level depends on the specific appli-
cation. For load-carrying tasks, maximum assistance may be
necessary to minimize long-term muscle effort, which may come
at the cost of increased discomfort. Conversely, clinical appli-
cations, such as post-stroke rehabilitation may require lower
assistance to maximize comfort, ranging from 0.5 kg for patients
with higher residual motor capabilities to 1.5-2.0 kg for fully
supporting a flaccid elbow, typically corresponding to 2-2.5%
of body weight.
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In most cases, measured pressures remained below 20 kPa,
considered a discomfort threshold in literature [89], [90], val-
idating the feasibility of the proposed design. As shown in
the boxplots in Fig. 6, pressures were generally higher on the
forearm cuffs compared to the upper arm cuffs, which can
be attributed to the fact that the forearm cuffs directly bear
the pulling forces generated by the actuation cables, while
the upper arm cuffs primarily serve as cable routing points,
and thus experience much lower direct forces. In addition, the
variability in pressure values increased with higher assistance
levels, reflecting the limitations of a one-size-fits-all design that
may not accommodate all anthropometric variations. These find-
ings highlight the importance of optimizing attachment strate-
gies to balance comfort and functionality across diverse user
groups.

While it may be intuitive to expect that only the lower side
of the cuff would experience increased pressure with higher
assistance, our results showed a moderate pressure rise on the
upper side as well. This is explained by the geometry of the cable
routing: the assistive force is applied at an angle, introducing not
only an upward force but also a lateral component that generates
shear forces and a bending moment on the cuff. This moment
causes the cuff to press against the upper part of the arm, leading
to a measurable pressure increase even on the upside of the cuff.

The ROM and bandwidth of the exosuit were sufficient to meet
the functional requirements of average daily tasks [65], [91].
Although wearing the exosuit resulted in some reduction in
ROM, participants were able to maintain a large ROM compared
to the no-exosuit condition, as shown in Table IV. This ROM re-
mained within the functional limits required to perform everyday
tasks. In addition, the measured bandwidth represents a notable
improvement over previously reported soft elbow exosuits [26]
under comparable experimental conditions. These experimental
results validate the design framework by demonstrating the
exosuit’s ability to accommodate user dynamics effectively.

From the smoothness and acceleration graphs in Fig. 7, it
can be observed that acceleration was consistently lower in the
exosuit-on condition, likely due to participants’ lack of familiar-
ity with the device, leading to smoother and less abrupt move-
ments. This effect was more pronounced in proximal segments
than in distal ones. In addition, the P, L, & P task showed a lower
SPARC value for the forearm, accompanied by a higher SPARC
value for the shoulder. This pattern may reflect a redistribution
of movement effort: when the exosuit supported the forearm,
participants had more shoulder motion to complete the task,
which became less smooth compared to the unloaded condition.

The SUS results, depicted in Fig. 9(d), highlighted a low
learning requirement and a moderate need for support among
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participants, consistent with the exosuit’s robust mechanical
design and the objective of a generic controller. By eliminating
the need for user-specific tuning, the system prioritized intu-
itive operation and rapid deployment in practical settings. This
generic control approach, however, involves a tradeoff between
simplicity and individual performance optimization. While the
biceps, as the primary target muscle, consistently benefited
from the assistance, intersubject differences in muscle activation
suggest that a degree of personalization could further enhance
performance. Future developments could incorporate human-
in-the-loop (HIL) optimization strategies [92], [93], which au-
tomatically adjust control parameters to each user’s biomechan-
ics without requiring extensive calibration. Such methods have
shown success in lower limb exosuits [94], [95] and represent
a promising direction to balance plug-and-play usability with
individualized adaptation in upper limb assistance.

The observed reductions in ROM during dynamic tasks with
the exosuit, compared to the no-exosuit condition, were at-
tributed to the braces worn by participants, which naturally
limit movement. Notably, similar reductions in ROM were ob-
served when the exosuit was powered OFF, and no significant
differences were found between the powered-OFFand powered-
ON conditions. These results confirm that the assistive forces
provided by the exosuit did not restrict ROM during dynamic
tasks. Furthermore, in the dynamic tasks, the active exosuit
demonstrated assistance to the muscles without requiring higher
muscle activity compared to the no-exosuit condition. Similarly,
the powered-OFFexosuit did not lead to any significant change
in muscle activity compared to the no-exosuit condition, except
for the middle deltoid during the P, L, & P task. These findings,
together with the ROM experiments and the ROM measurements
during dynamic sessions, collectively demonstrate the kinematic
and dynamic transparency of the exosuit during functional
tasks.

The observed reductions in muscle activity are consistent
with previously reported findings for cable-driven soft elbow
exosuits. Prior studies demonstrated decreased activation of
the biceps and delayed onset of fatigue in healthy participants
assisted by similar devices [26], [39], [40]. While the exact
magnitude of reduction varies across studies due to differences
in tasks and assistance levels, our findings fall within the same
range, confirming the efficacy of the proposed hybrid design in
reducing user effort.

Although no significant improvements in metabolic cost were
observed, participants reported a lower perceived physical de-
mand when using the exosuit. This divergence between ob-
jective and subjective outcomes may stem from the relatively
low intensity of the endurance task: metabolic cost reflects
cumulative fatigue over time, whereas perceived effort captures
immediate, qualitative sensations. Future studies could amplify
task demands or personalize load carriage to better uncover
metabolic benefits. In addition, the narrow treadmill used in this
study likely contributed to the low walking speed, as partici-
pants expressed concerns about maintaining balance and safety
while walking at higher speeds with a load. Addressing these
limitations will enhance the reliability of future endurance as-
sessments. Notably, with the exosuit activated, all the subjective
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perceptions appear positive with a notable difference with the
without-exosuit loaded condition: this is more evident in the
endurance evaluation rather than the dynamic one, given the
challenging modality of the former.

It is also worth noting that the metabolic cost measured
during the endurance task did not significantly differ between the
assisted condition and the unassisted conditions, both with and
without load. This suggests that the exosuit was able to offset
the energetic penalty typically associated with device weight,
effectively neutralizing its metabolic impact. Despite the system
weighing approximately 4 kg, it did not increase user effort
during walking. This finding supports the practical benefit of
the exosuit in its current form. However, we acknowledge that
the device is yet to be optimized for weight. Future designs will
target a total weight closer to 2 kg, primarily through back unit
and battery integration improvements, to enhance comfort and
further improve energy efficiency.

The exosuit’s assistance provided significant benefits for the
infraspinatus and middle deltoid muscles, which are essential
for shoulder stabilization and load carrying [96]. This reduction
can be explained by the mechanical coupling within the upper
limb: when the forearm is supported, the shoulder no longer
needs to generate as much stabilizing torque to compensate for
the forearm’s weight and dynamics. This interpretation aligns
with simulation-based studies [97], [98], which have shown that
assisting a single joint can alter muscle demands at adjacent
joints. While these simulations provide important insights, re-
lated biomechanical studies have also reported reduced shoulder
muscle activity when static forearm support is provided [99],
[100], [101]. Although these studies did not use exosuits, they
highlight the same underlying principle: supporting the forearm
can indirectly reduce shoulder muscle activity. In addition, the
absence of significant activity increases in the triceps and wrist
flexor/extensor muscles suggests that the assistance did not
impose compensatory demands elsewhere.

These findings demonstrate that analyzing the entire upper
limb, rather than focusing solely on the assisted joint, is cru-
cial for understanding how exosuit assistance affects human
biomechanics. Full-arm kinematics and biomechanics data re-
vealed how users adapt their movement strategies, including
compensations or redistribution of effort across other joints.
Our experimental design enabled us to capture this broader
perspective, showing that assistive forces applied at the elbow
can influence shoulder and wrist motion as well.

VI. CONCLUSION

This study introduced and evaluated a hybrid soft-rigid elbow
exosuit designed to assist the elbow joint, focusing on its er-
gonomics, usability, and biomechanical impacts during dynamic
and endurance tasks. A lumped-parameter internal dynamics
model of the exosuit was developed, providing critical design
guidelines to optimize assistive force delivery, system efficiency,
and wearer comfort. These insights led to the development of a
robust hybrid exosuit that combines high efficiency, improved
bandwidth, and better force distribution, meeting the demands
of both performance and usability.
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The results confirmed key design objectives, such as high
bandwidth, ensuring rapid and smooth assistance across vari-
ous tasks. The double-cable architecture effectively distributed
forces, reducing localized pressure on the wearer’s limb and
enhancing comfort. ROM experiments demonstrated that the
exosuit does not obstruct daily activities, further underscoring
its ergonomic design.

The biomechanical impact of the exosuit was assessed
through dynamic and endurance tasks. To enable a more re-
alistic evaluation of the exosuit for clinical and everyday use
by nontechnical users, a generic interaction control setting
and fixed geometric and gravity assistance parameters were
employed throughout the experiments without personalization.
During dynamic tasks, the exosuit significantly reduced biceps
muscle activity compared to unassisted conditions, while in
endurance tasks, it effectively reduced infraspinatus activation
and mitigated load increases across other muscles. Subjective
assessments indicated a perceived reduction in physical demand
during endurance sessions and usability of the device, highlight-
ing the intuitive and supportive nature of the system.

This study emphasizes the importance of integrating robust
mechatronic design with a high-performance generic controller
to deliver effective assistance across diverse users without exten-
sive customization. However, the results also revealed meaning-
ful intersubject variability in outcomes, emphasizing the tradeoff
of using a generic controller. Future work will focus on ad-
dressing this tradeoff by developing strategies for personalizing
the controller that do not require user involvement or technical
tuning, ensuring the exosuit remains practical and user-friendly
in both clinical and real-world applications. In addition, efforts
will focus on improving wearability and expanding evaluations
to include broader tasks and clinical applications, particularly in
rehabilitation and load-carrying scenarios.

APPENDIX
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